Abstract: This paper evaluates novel design strategies to enhance the performance of a recently proposed waveguide-based pulse-shaping method, i.e., discrete space-to-time mapping (D-STM), demonstrating the capability of the method to shape pulse waveforms with duration periods in the tens of picoseconds regime. In particular, we experimentally synthesize 70-ps high-quality flat-top pulses and a 40-ps-long 200-GBd 16-quadrature amplitude modulation (16-QAM) data sequence using D-STM in concatenated co-directional couplers. Our proposed devices have been fabricated on a silicon-on-insulator (SOI) technology platform using ultraviolet and single-etch electron-beam lithography processes. The fabricated devices are all-passive, functioning without needing post-fabrication tuning, which further proves the robust performance of the proposed scheme.
Introduction
Optical pulse shaping (OPS) and coding has been extensively explored for a variety of applications in optical signal processing and telecommunication [1] , [2] . Temporal waveforms with resolutions in the (sub-)picosecond range and long temporal durations, in the tens of picosecond regime and above, are particularly interesting for coding, switching, and processing of long data sequences [3] . The well-established spatial-domain processing approach, based on spectral shaping, allows for programmable synthesis of arbitrary waveforms with sub-picosecond resolutions. However, this approach exhibits a limited frequency resolution, e.g., ∼10 GHz for commercial wave-shapers, which places a constraint on the temporal duration of the re-shaped pulses below ∼100 ps. Additionally, this method is relatively complex, bulky, and costly, requiring the use of precisely aligned high-quality free-space components [3] . On-chip arrayed diffraction gratings (ADGs), working based on a similar operation principle, offer relative compactness (size of 16 mm Â 11 mm), but sensitivity to fabrication errors makes their design and fabrication process challenging [4] . Moreover, their minimum spectral resolution is again severely limited, e.g., a minimum channel spacing of 25 GHz (corresponding to a maximum temporal duration below ∼40 ps) has been realized in a silicon-on-insulator (SOI) technology platform [5] . Note that high-resolution ADGs with channel spacing of ∼5 GHz have been previously demonstrated using III-V materials, e.g., InP [6] , requiring a considerably large foot-print of 21 mm Â 22 mm [6] .
Targeting compact and relatively simpler devices for OPS, fiber and integrated-waveguide grating structures have attracted considerable attention [7] . However, short-period (Bragg) and long-period apodized gratings have proven challenging to fabricate in integrated-waveguide configurations, particularly over long grating lengths, as required to synthesize long duration pulse shapes. Bragg grating (BG) filters have been designed on spiral-shape waveguides with bandwidths as narrow as ∼12 GHz but for unconventional transverse magnetic (TM) mode operation [8] .
To overcome the aforementioned limitations, we have recently proposed and experimentally demonstrated a compact on-chip OPS design based on weakly-coupled cascaded co-directional couplers, and have shown the capability of this approach to achieve sub-picosecond temporal resolutions [9] , [10] . Based on this design, the so-called discrete apodization profile of cascaded co-directional couplers can be directly mapped into the output temporal response of the device. The apodization profile is controlled both in amplitude and phase by tuning the coupling strength and relative time-delay between the two waveguides connecting consecutive couplers at each stage of the device, respectively. This direct mapping of apodization profile into the output temporal response is referred to as discrete space-to-time mapping (D-STM) [9] . Implementing D-STM, results in a notable simplicity in design and fabrication of pulse shapers on-chip. Previous experimental demonstrations of on-chip D-STM have achieved sub-picosecond intensityonly and phase-only OPS. In particular, flat-top pulses with duration ranging from 440 fs up to ∼3 ps, and an 8-bit 0.6-Tbit/s phase-coded pulse sequence with four different phase levels have been successfully generated in silicon [10] .
In this work, we develop design strategies to extend the operation range of the D-STM approach for synthesizing pulse waveforms with significantly longer temporal durations, in the tens-of-picoseconds regime. We also target the generation of a complex amplitude and phase coded bit-sequence to further illustrate the potential of D-STM method for advanced OPS applications. In particular, we experimentally demonstrate the re-shaping of a picosecond Gaussian optical pulse into i) high-quality ∼70-ps flat-top pulses and ii) a 40-ps 16-QAM bit pattern, using all-passive devices in SOI technology (with no post-fabrication tuning process involved). These set of devices have small foot-prints of 30 m Â 3 mm, and 50 m Â 5:6 mm, respectively.
Operation Principle
Briefly, the theory of D-STM indicates that the temporal impulse response of a cascaded co-directional couplers' scheme is a scaled replica of the discrete sequence of coupling coefficients. As shown in Fig. 1 , the sampling time of the impulse response, , is defined by the relative length difference ÁL between the sections of the top waveguide and the bottom waveguides connecting the corresponding ports of consecutive couplers.
In particular ÁL ¼ c=n eff , where n eff is the effective refractive index of the waveguide and c is the speed of light in vacuum. Additionally, a relative =m-phase-shift may be introduced at a desired point of the impulse response, by changing the relative length difference ÁL after the corresponding coupler to ÁL þ 0 =ð2m Â n eff Þ. The central assumption for D-STM to work is to satisfy the weak-coupling condition, i.e., strictly, P nÀ1 i¼0 i < 0:1, where i is the power coupling ratio of the i-th coupler and n is the number of cascaded couplers. This condition limits the power spectral efficiency of the method to a maximum of ∼50% [9] . Details about the modeling of the device using transfer-matrix method (TMM) considering different sources of error, including waveguide dimensional variations, dispersion, and loss are provided in [9] .
Synthesizing optical pulse shapes with long durations inevitably requires long waveguide delay-lines (e.g., in sub-mm or mm range). In a high-index contrast platform such as SOI, waveguide loss and dimensional variations, causing the so-called "phase noise", makes it difficult to realize such long waveguides. Moreover, simultaneous complex amplitude and phase coding so far has been possible only using active electro-or thermo-optics tuning elements [4] .
The aim of this paper is not to provide a precise analysis of the phase-noise, as this topic is well-studied in many previous works, e.g., [11] and [12] . We rather use design strategies to mitigate the effect of waveguide thickness variations, side-wall roughness and waveguide loss on the performance of our proposed OPS technique in order to further extend its operation range. Additionally, we explore on-chip 16-QAM bit-sequence generation using the D-STM method based on an all-passive device.
As illustrated in Fig. 2 , we first use Lumerical Mode Solutions software to study the effect of waveguide width and height variations on n eff of the fundamental quasi-TE mode at the wavelength of 1550 nm. The cladding and buried oxide layers are made of silicon dioxide with heights of 2 m and 3 m, respectively.
Waveguide width variations, referred to as side-wall roughness, are introduced by lithography and etching processes. However, waveguide height variations are mostly caused by nonuniformities of the SOI wafer [12] . Based on the results shown in Fig. 2(a) , n eff is much less sensitive to the waveguide width variations for photonic wires wider than ∼1000 nm. In particular, the parameter defined to study the sensitivity ðdn eff =dW Þ is almost constant for these sets of waveguides. Consequently, using wide waveguides can be considered as a solution to mitigate the effect of phase-noise for long delay-lines [13] , [14] . Additionally, according to simulation results illustrated in Fig. 2(b) , the sensitivity of n eff to waveguide height variations ðdn eff =dhÞ reduces for thicker waveguides. However, in foundry-based fabrication runs the waveguide height is predefined (e.g., standard 220 nm) and cannot be engineered by the designer. A technique to reduce the sensitivity to wafer nonuniformities is to design long delay-lines in a very compact form, e.g., using serpentine or spiral shape waveguides [11] , [13] .
In this work, the output pulse shape is synthesized by properly combining delayed/weighted replicas of an input pulse. By increasing the length of the delay-lines, the copies of the input pulse at primary stages of the device will experience much higher values of loss. This is equivalent to time-domain convolution of the target output waveform with a ramp-like pulse shape. Consequently, design strategies are required to reduce the propagation loss in the single-mode strip waveguides. As discussed above, propagation losses in strip waveguides can be reduced by making the photonic wires wider. However, waveguides wider that 500 nm (assuming waveguide height of 220 nm) start supporting higher order modes. The presence of higher order modes is undesirable as it may lead to dispersion and unpredictable behavior of devices that rely on interference between different optical modes [13] - [16] . A solution for this is to use hybrid waveguides in which a single mode waveguide (SMW) is coupled by a taper to a multimode waveguide (MMW) and vice versa. An adiabatic taper between the two waveguide regions ensures the excitation of the fundamental mode in the multimode region. Although the multimode region can support higher order modes, as long as the waveguide is straight and free of defects, the fundamental mode will propagate without exciting higher order modes. Despite the fact that defects and roughness do excite higher modes in MMW, but these modes cannot propagate in the SMW sections and therefore merely cause a loss. By implementing this technique, an almost 30-fold improvement in terms of propagation loss has been reported [13] - [16] .
Experiment
Our first experimental target waveforms are flat-top pulses with duration in the range of ∼70 ps synthesized from 3 ps, 5 ps, and 6 ps input optical Gaussian pulses, which are directly generated from a passively mode-locked fiber laser (PriTel) with a repetition rate of 16.8 MHz. The carrier wavelengths of different optical pulses are tuned at the resonance wavelength of each device. MMWs with the dimension of 1 m (width) Â 220 nm (height) are connected to SMWs with 52 m-long linear tapers to form the hybrid sections [see Fig. 3(a) and (b) ]. Note that SMWs are still used in the coupling region and waveguide bends in order to ensure singlemode operation of the device. Besides, Bezier bends have been used to further reduce the loss in the delay-lines [13] , [15] . Long delay-lines have been formed in serpentine-like shapes reducing the effect of waveguide height variations. These sets of devices were fabricated at IMEC using a complementary metal-oxide semiconductor (CMOS)-compatible process with 193 nm deep ultraviolet (UV) lithography on SOI wafer.
Light has been coupled in/out of the device using a fiber array placed carefully on the top of input/output grating couplers (GCs). In particular, we have designed three pulse shapers with 7, 9, and 13 identical cascaded couplers. The concatenated couplers in all the devices have a coupling gap of 200 nm and zero coupling length. Based on 3-D finite difference time domain (FDTD) simulation a power coupling ratio of ∼0.001 has been estimated for each coupler [9] . An effective coupling larger than zero could be achieved due to the effect of the coupler bend regions.
The devices' power spectral responses (PSRs) have been measured using an Optical Vector Analyzer (OVA) with a spectral resolution of 1.6 pm; see Fig. 3(c) -(e). It is important to note that the OVA-measured spectra comprise the corresponding device PSR combined with the spectral response of the GCs. Thus, in the presented results, the response of the grating-coupler structure has been subtracted from the OVA-measured spectra. The minimum value of the insertion loss (fiber-to-fiber) for the ∼180-m test waveguide connecting two grating couplers to each other has been measured to be 19 dB at 1525 nm, and the amount of loss measured for the device consisting of 7 stages is equal to 6 dB. The amount of loss decreases by ∼2 dB as we increase the number of cascaded couplers to 13.
Direct time-domain characterization of the output, synthesized waveforms has been carried out using Fourier-transform spectral interferometry (FTSI) where the input pulse itself is used as the reference [10] , [17] . As shown in Fig. 3(f)-(h) , from left to right, nearly identical flat-top pulses are re-shaped from Gaussian waveforms with shorter temporal durations, correspondingly to the increased frequency bandwidth (and time-bandwidth product) of the devices. Finally, band-pass filtering the spectrum of the output signals, one can observe the target flat-top waveforms; see Fig. 3(i)-(k) .
In order to compare the quality of output pulses a figure of merit called time-bandwidth product (TBP) has been defined. TBP is the ratio between maximum to minimum signal bandwidth that can be processed with a prescribed precision. The former is determined by the pulse's minimum temporal features (resolution) and the latter, by the over-all pulse duration in time. The TBPs of the devices with 7, 9, and 13 cascaded couplers are 11.67, 14, and 23.3, respectively, showing that increasing the number of cascaded couplers, while keeping the over-all pulse duration fixed, leads to improvement in pulse quality.
The second target waveform is an 8-bit amplitude and phase modulated bit sequence synthesized from an input 2.5-ps optical Gaussian pulse. Twenty four directional couplers are connected in series through 114-m relative delay-lines ð ' 1:66 psÞ to generate a 0.2-Tbaud (0.8-Tbit/s) 16-QAM complex modulated bit sequence. Each symbol in the sequence is realized using three consecutive stages [see Fig. 4(a) ]. The constellation diagram of the sequence is shown in Fig. 4(b) .
The device is made of SMWs and the fabrication has been carried out using a single-etch, E-Beam Lithography at the University of Washington. Directional couplers, each with a nominal coupling gap of 300 nm and coupling lengths of 6.2 m, 4.4 m, 1.5 m, or 0 m, have been cascaded in series, realizing four different amplitude levels. Despite the difference in the coupling length, which is aimed at controlling the pulse amplitude at the corresponding time slot, the overall length of all directional couplers is fixed to ensure in-phase superposition of the different copies of the input pulse at each stage of the device, see Fig. 1(c) . Time-domain characterization has been carried out using a similar FTSI method as in the previous example. Fig. 4(d) and (e) show the simulation results and experimentally measured temporal amplitude and phase profiles from the described design.
Note that in this experiment GCs have a response which is centered at 1535 nm with a 3 dB bandwidth of ∼40 nm. The minimum value of the insertion loss (fiber-to-fiber) for the ∼180-m test waveguide connecting two grating couplers to each other has been measured to be 28.7 dB at 1535 nm. After normalizing the PSR of the device with the response of the GCs, device loss has been measured to be 6.5 dB.
The precise values of amplitude and phase are given in Table 1 . The amplitude/phase level is considered to be ideal when the input pulse is an ideal delta Dirac function. For pulses with finite temporal durations, variations from the ideal values are expected, as shown in the "simulation" row from numerical analysis. Moreover, we attribute the slight mismatch between the simulation and measured phase/amplitude levels to the expected variation in the waveguide height and width due to fabrication imperfections, and to measurement uncertainties. Detailed simulations show that a maximum phase-error of ∼0.3-rad and ∼21% amplitude variations are expected for this technology platform [9] , which is consistent with the obtained results.
Conclusion
In this work, we have experimentally demonstrated on-chip OPS with durations in tens-of-picosecond regime. These sets of results are complementary to our previously presented TABLE 1 Comparison between the precise values of phase (in radians) and amplitude levels (theory versus experiment) work in sub-picosecond OPS proving the capability of D-STM approach for synthesizing pulse shapes over a wide range of temporal durations using very compact device sets.
